Interleukin 4 (IL4) plays a critical role in T helper 2 (Th2) immune responses. Here we report a population genetics study of variation in the gene encoding the ␣-chain of the IL4 receptor (IL4RA) in three ethnic groups: African Americans, European Americans and East Asians. A 2941-bp region spanning exon 12 of IL4RA gene was sequenced in 12 individuals from each group. A total of 24 single nucleotide polymorphisms (SNPs) were identified in the combined sample. The genetic variation of the coding region of exon 12 is two to three times higher than in other reported genes. A significant departure from the expectation of evolutionary neutrality was observed, suggesting that natural selection may have influenced the evolution of this gene. We propose a model in which past selection by pathogens contributed to the increasing prevalence of atopic disorders in Western societies. Genes and Immunity (2001) 2, 128-134.
Introduction
Interleukin-4 (IL4) and interleukin 13 (IL13) are cytokines produced by T cells and play a central role in the regulation of B cell and T cell mediated immune responses. [1] [2] [3] Both are crucial for the development of Th2 cells and stimulate IgG4 and IgE production. 4, 5 IL4 and IL13 exert their biological effects through binding to a receptor complex on target cells. The receptors for IL4 and IL13 share a common ␣ chain, which is encoded by the IL4RA gene on chromosome 16p12. The human IL4RA gene spans about 51 kb and includes 12 exons. 6 The protein product of the membrane-bound form of IL4RA contains a signal peptide (exon 3), an extracellular domain (exons 3-7), a transmembrane domain (exon 9) and an intracellular domain (exons [10] [11] [12] . Exons 1 and 2 bear untranslated regions of the mRNA and exon 8 is included only in a soluble form that results from alternate splicing. 6 Previously, 14 single nucleotide polymorphisms (SNPs) were identified in the coding region of the IL4RA gene. [7] [8] [9] [10] Among the eight replacement polymorphisms, one is in the extracellular domain (exon 5) and seven are in the intracellular domain (exon 12). The one extracellular polymorphism (Ile50Val) and two intracellular polymorphisms (Ser478Pro, Gln551Arg) were shown to affect substrate binding or cell signaling, respectively, in in vitro assays. 8, 9, 11 However, the nearly complete linkage disequilibrium between the intracellular variants makes it impossible to know which intracellular SNP or combi- nation of SNPs influence receptor function. 10 Nonetheless, variation in the IL4RA gene has been associated with atopic disease, 8 asthma, 10, 11 IgE levels, 9,12 systemic lupus erythematous (SLE), 13, 14 and kidney allograft survival. 15 Therefore, functional and clinical studies suggest that variation in this gene influences immunological processes and disease susceptibility (reviewed in Shirakawa et al 16 
)
. If so, then evolutionary forces may have played a role in patterning the genetic diversity at this locus.
We initiated this study to fully characterize the type and amount of DNA sequence variation flanking and including exon 12 of the IL4RA gene, and to investigate whether natural selection played a role in patterning variation at this locus. A population genetic survey and evolutionary analyses were conducted in 36 individuals from three major ethnic groups. We report here evidence for natural selection influencing the evolution of this gene.
Results
Sequence variation at the IL4RA gene A 2941-bp region centered on exon 12, including the flanking intron 11 (502 bp), the entire coding region of exon 12 (1576 bp), and 3ЈUTR (860 bp), was sequenced in all individuals (Figure 1 ). Twenty-four SNPs were identified in the combined sample, including three in intron 11, 13 in the coding region of exon 12, and eight in the 3ЈUTR (Table 1 ). All seven published replacement polymorphisms in exon 12 were found in the combined sample. In addition, two new replacement polymorphisms (Val554Ile, Pro650Ser) and two new silent polymorphisms (Gly759, Pro774) were identified in exon 12.
Val554Ile was present only in African Americans and Pro650Ser was present only in European Americans. Overall, the number of polymorphic sites differs among Figure 1 The genomic structure of the IL4RA gene (not to scale) modified from Kruse et al. 6 The region that was sequenced in this study and all of the nucleotide variation that was detected are shown in the lower half of the figure. Silent variation is shown in lower case letters and replacement polymorphisms are shown in upper case letters. The two replacement polymorphisms that were identified in this study are designated by an asterisk. The single replacement polymorphism in this gene that is not in exon 12 7, 10 is shown (I50V).
the three ethnic groups: 22 SNPs were present in African Americans, 14 SNPs in European Americans, and 10 SNPs in East Asians (Table 2 ). Nine SNPs were found only in African Americans and two were only in European Americans. All the SNPs present in East Asians were also present in African Americans. In the combined sample, the estimate of nucleotide diversity () is 0.00184, which is approximately one polymorphic site every 543 bp. The nucleotide diversity for African Americans is higher than for European Americans and East Asians in both the coding and non-coding region ( Table 2) . We compared the nucleotide diversity () of IL4RA gene from our study with the nucleotide diversity of other genes from recently published studies, including ␤-globin, 17 LPL, 18 ACE 19 and two multi-gene studies (Table 3) . 20, 21 Over the whole sequenced region, the nucleotide diversity of the IL4RA gene is similar to that of the ␤-globin and LPL genes, and higher than the genome-wide average. In the coding region of exon 12, the nucleotide diversity of IL4RA gene is up to 3.4 times higher than the coding regions of other genes surveyed (Table 3) .
Test for neutral mutation hypothesis
The MK test was performed on the coding region of exon 12. There were more replacement than silent polymorphic sites in exon 12 in all three ethnic groups ( Table 4 ). The ratio of replacement to silent polymorphisms was significantly higher within humans than the ratio between human and orangutan, in the coding region of exon 12 in the combined sample (Fisher's exact test, P = 0.028) ( Table 4 ). Within each of the three ethnic groups, the ratio of replacement to silent polymorphisms is higher than the ratio between human and orangutan within all human samples. The difference in the European American group was statistically significant (P = 0.027), and a similar trend was observed in the African
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Americans (P = 0.089). In the East Asian sample, the overall level of variation was probably too low to provide statistical power. Thus the neutral mutation hypothesis was rejected, at least in European Americans.
The Tajima's D test was performed on the whole region as well as on replacement sites and silent sites separately in each ethnic group. In our analysis, D values are positive for the African American sample and negative for European American sample and East Asian sample. However, none of them departs significantly from neutral expectations ( Table 2) .
Discussion
Here we report a study of the genetic variation in and around exon 12 of the IL4RA gene in 36 individuals from three ethnic groups by sequencing a contiguous 2.9 kb region. This region was chosen because of the large number cSNPs that had previously been reported in this exon. [7] [8] [9] [10] Furthermore, variation in exon 12 cSNPs results in functional alterations of the receptor 8, 9 and has been associated with asthma, atopy, SLE, and tissue transplantation survival. [8] [9] [10] [12] [13] [14] [15] Based on these prior findings we hypothesized that variation in this region of the IL4RA gene may have been influenced by natural selection.
Overall, the nucleotide diversity around exon 12 of IL4RA gene is high compared with the genome-wide average (Table 2) . A total of 24 SNPs were identified, including two replacement polymorphisms (Val554Ile, Pro650Ser) that were not previously reported. The African American sample has more population-specific polymorphisms (n = 9) than the European American (n = 2) and East Asian (n = 0) samples, a finding consistent with studies of variation in other human genes. [17] [18] [19] [20] [21] [22] This pattern could result from a history of population subdivision and a larger effective population size in Africans compared with Europeans and Asians or from a recent origin of non-Africans from African populations. The neutrality of the IL4RA gene was rejected by the McDonald-Kreitman (MK) test, which revealed a higher ratio of replacement to silent polymorphisms within the coding region of exon 12 in humans as compared with the ratio of replacement to silent substitutions between humans and orangutan. Overall, nucleotide diversity in the IL4RA gene was high compared to other human genes in both the coding ( = 0.00170) and noncoding ( = 0.00201) DNA (Table 3) . Possible explanations for the pattern of nucleotide diversity in IL4RA are that either recent diversifying selection has maintained amino acid polymorphisms or mildly deleterious mutations remain at low frequency due to weak purifying selection.
The spectrum of allele frequencies, as measured by Tajima's D, offers additional information about the evolutionary history of this gene. In our data, Tajima's D was higher in African Americans than in non-African populations, particularly when only replacement polymorphisms were considered (Table 2 ). This is the opposite of what is seen for most human genes, for which Tajima's D is smaller and often negative in populations of African descent than among populations of European descent. 23 This may, in part, reflect the fact that African Americans are admixed. However, this would likely lead to an increase in the number of rare alleles and a negative Tajima's D, as is observed in other human genes. 23, 24 In contrast, a positive Tajima's D, as seen in the African American sample in this study, reflects the relative excess of intermediate frequency alleles in African Americans, a pattern seen both in this study and in a previous study of variation in the IL4RA gene in individuals from families selected for asthma 10 ( Table 5 ). The high polymorphism levels in conjunction with a positive Tajima's D provide In contrast, in the European American sample a negative Tajima's D reflects the excess of low frequency alleles in this population and a significant MK test allows us to reject the neutral hypothesis. The frequencies of the replacement polymorphisms in European Americans in this study are similar to those observed in previous studies of outbred European American subjects selected from asthma families 10 or as healthy controls 8, 9, 25 (Table 5) . The significant MK test in combination with an excess of low frequency alleles is consistent with the effects of weak purifying selection or recent balancing selection.
What selective mechanism could have acted on the IL4RA gene in the evolutionary past? The human immune response to infection is regulated by a balance between Th1 and Th2 cytokines that is established in early childhood. The IL4RA gene encodes the ␣-chain of the receptors for two central Th2 cytokines, IL4 and IL13. The variation in exon 12 that was the focus of this study is in the intracellular domain of the protein. At least two of these variants (Ser478Pro and Gln551Arg) have been shown to influence intracellular signaling 8, 9 and one (Gln551Arg) was in addition associated with TH1/TH2 ratios in peripheral blood.
14 Thus, IL4RA variation may have been patterned by the competing demands of resistance to environmental pathogens, some of which require Th1 and some Th2 responses. Maintaining a balanced response would have been adaptive in environments with high pathogen loads from viral and bacterial infections, which require a Th1 response, as well as from parasitic infections, which require a Th2 response. The pattern of variation in the gene may therefore represent a past adaptation to diverse pathogens, with selection maintaining polymorphisms that optimized fitness in these environments.
Because the patterning of polymorphism in the IL4RA gene likely evolved in response to exposure to pathogens, the absence of repeated early life infections in industrialized nations today may result in an aberrant skewing of the Th cell populations. In fact, it has been proposed that repeated infections in early life may prevent the development of allergies 26 and that the recent reduction in childhood infections has contributed significantly to the dramatic increase in atopic diseases in Western countries. [27] [28] [29] [30] [31] The observed associations between amino acid polymorphisms in exon 12 of the IL4RA gene and asthma 10 and atopy 8, 9, 12 further suggest that variation that was beneficial in the past may now predispose to diseases that result from a dysregulation of the Th1/Th2 cytokine balance.
In conclusion, the high levels of replacement polymorphisms in exon 12 of the IL4RA gene compared with other human genes and the evidence for non-neutral evolution in our sample indicates that natural selection has influenced the pattern of nucleotide diversity at this locus. The type of past selection in populations of African vs European descent may have differed, perhaps due to the different pathogens present in these environments. In the absence of infection in modern societies, these adaptive alleles may now predispose to asthma and other Genes and Immunity atopic disorders and be contributing to the unexplained rise of asthma prevalence in Western countries.
Materials and methods

Population samples
Twelve healthy individuals from each of three ethnic groups (African Americans, European Americans, East Asians) were included in this study. Exon 12 was sequenced in the 5Ј and 3Ј directions in an orangutan, which was used as an outgroup (GENBANK accession number AF345634).
PCR and sequencing
The genomic structure and sequence of IL4RA was derived from human chromosome 16 BAC clone CIT987SK-582J2 (NCBI AC004525). Primers for PCR amplification and the following sequencing reaction were designed based on the sequence of this BAC clone. All nucleotide positions mentioned in this paper refer to this sequence. The number given in parentheses after a primer sequence is the position of the 5Ј nucleotide of the primer. The IL4RA target region (exon 12 plus approximately 1.3 kb of flanking region) was amplified in four overlapping segments and sequenced using the amplification primers as sequencing primers as well as internal sequencing primers as follows: (1) 5Ј-GTGATTCAC TGCAGCCTCAA-3Ј (77487) and 5Ј-TCTCTTTGGC AGCCTTGT-3Ј (76816), sequencing primer 5Ј-ACTCAA-CAGATCTGAGCTTG-3Ј (77160); (2) 5Ј-AAAAGCCC CCATTCTCCTCT-3Ј (76540) and 5Ј-CCAGTCCAAA GGTGAACAAGGGG-3Ј (75835), sequencing primers 5Ј-AGAGGAGAATGGGGGCTTTT-3Ј (76559) and 5Ј-AG AACCCGAGATGCCCTGTG-3Ј (76229); (3) 5Ј-GGGGTA-TAAGCCTTTCCAAGA-3Ј (75920) and 5Ј-TCGGCT TCTAGTTCAGTGAGA-3Ј (74897), sequencing primers 5Ј-TCCTTGCTGTGGCTGCTGCTG-3Ј (75584) and 5Ј-GC TTATCCATGCCTGGGAAAT-3Ј (75286); (4) 5Ј-TGGGC ACCTCGACTTGTGAA-3Ј (75051) and 5Ј-TCCAC CCCTTCTGTTCCACT-3Ј (74414), sequencing primer 5Ј-CGGCTGTCAAGGGGTGTTCA-3Ј (74748). PCR products were prepared for sequence analysis using QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Dye-terminator sequencing was performed with ABI BigDye Terminator kit (PE Applied Biosystems, Foster City, CA, USA) on ABI 377 automated sequencer. Diploid sequences were determined on both strands. Sequence analysis and DNA polymorphism identification were aided by Sequencher 3.1 software (Gene Codes Corporation, Ann Arbor, MI, USA).
Statistical analysis
Two widely used measures for levels of DNA polymorphisms are S, number of segregating sites, and , nucleotide diversity. The number of segregating sites is simply the number of polymorphic sites in the sequence in a sample and nucleotide diversity is the number of nucleotide differences per site between two randomly chosen sequences. Because the samples are of equal size, S can be directly compared across samples.
The MK-test was used as a test of neutrality. 32 The MK test is based on the prediction that under the neutral theory the number of polymorphisms between two species and the level of polymorphism within a species are both proportional to the mutation rate. 33 Therefore, if polymorphism and divergence at synonymous and nonsynonymous sites are due to neutral mutations, the ratio of replacement to silent polymorphisms should be the same within species and between species. This pattern can be contrasted using a 2 × 2 contingency table. If a significant difference between the two ratios is found, then one or both categories of sites are not evolving as predicted by the neutral theory, and the null hypothesis of neutral evolution can be rejected.
Tajima's D 34 is a statistic that summarizes the frequency spectrum based on the difference between w and , where w is Watterson's estimator of the parameter 4N based on the number of segregating sites, S, corrected for the sample size. Under neutrality and equilibrium, w and have equal expectations, and Tajima's D will be close to zero. A significant departure from zero could be used to reject the neutral mutation hypothesis. A positive value of D (when Ͼ w ) reveals a relative excess of intermediate frequency alleles, which could result from either long-term balancing selection or population subdivision. A negative value of D (when Ͻ w ) reflects a relative excess of rare variants, which could be caused by either selection (a selective sweep of an advantageous allele or purifying selection of deleterious alleles) or by demographic factors (exponential population growth).
Computer software DnaSP, version 3.0 35 was used for all the statistical analysis.
